Over the past 80 years, physiological research has moved progressively in a reductionist direction, providing mechanistic information on a smaller and smaller scale. This trend has culminated in the present focus on "molecular physiology," which deals with the function of single molecules responsible for cellular function. There is a need to assemble the information from the molecular level into models that explain physiological function at cellular, tissue, organ, and whole organism levels. Such integration is the major focus of an approach called "systems biology." The genome sequencing projects provide a basis for a new kind of systems biology called "data-rich" systems biology that is based on large-scale data acquisition methods including protein mass spectrometry, DNA microarrays, and deep sequencing of nucleic acids. These techniques allow investigators to measure thousands of variables simultaneously in response to an external stimulus. My laboratory is applying such an approach to the question: "How does the peptide hormone vasopressin regulate water permeability in the renal collecting duct?" We are using protein mass spectrometry to identify and quantify the phosphoproteome of collecting duct cells. The response to vasopressin, presented in the form of a network model, includes a general downregulation of proline-directed kinases (MAP kinases and cyclindependent kinases) and upregulation of basophilic kinases (ACG kinases and calmodulin-dependent kinases). Further progress depends on characterization and localization of candidate protein kinases in these families. The ultimate goal is to use multivariate statistical techniques and differential equations to obtain predictive models describing vasopressin signaling in the renal collecting duct. aquaporin-2; signaling networks; collecting duct; phosphoproteomics; mass spectrometry; Nedd4-2
Vasopressin Action in the Kidney
The most distal segments of the renal tubule, the connecting tubules and collecting ducts, have variable water permeability that is controlled in response to the peptide hormone vasopressin, allowing water excretion to vary physiologically (46) . These renal tubule segments express three molecular water channels called "aquaporins" (57) . These are aquaporin-2 (AQP2), aquaporin-3 (AQP3) and aquaporin-4 (AQP4). AQP2 is present in the apical plasma membrane and in endosomes (6, 20, 56) . The latter two aquaporins are seen chiefly in the basolateral plasma membrane (16, 71) . Although there is evidence for regulation of the basolateral water channels by vasopressin (15, 16) , it seems clear that the regulation of water permeability of the collecting duct epithelium is mediated largely through vasopressin's effects on AQP2 (57) .
There are at least two modes of water permeability regulation in the kidney corresponding to two processes that control the amount of active AQP2 in the apical plasma membrane. The first mode is "short-term regulation" occurring over a period of 5-30 min as a result of the regulation of trafficking of AQP2-containing membrane vesicles to and from the apical plasma membrane in response to vasopressin (55) . The second mode is "long-term regulation" occurring over a period of hours to days as a result of regulation of whole cell AQP2 abundance by vasopressin (13, 28, 56) . Both modes depend on the binding of vasopressin to V2-type vasopressin receptors (gene symbol: Avpr2) 1 present in the basolateral membrane. The downstream signaling events that are pertinent to the two modes of regulation are, however, largely undiscovered. In this review, I discuss application of systems biology techniques to the discovery of the signaling processes that are triggered by V2 receptor occupation in the renal collecting duct.
Reductionist Versus Integrative Approaches to Biology
Over the past 80 years, research in the field of physiology (and biological study in general) has proceeded in a reductionist direction, dealing with smaller and smaller structural levels ( Fig. 1 ). Taking renal physiology as an example, in the 1930s, whole animal or whole person studies were the major sources of information employing clearance techniques. This allowed information to be gleaned about the three major processes determining excretion, namely glomerular filtration, secretion, and reabsorption (69) . The rise of micropuncture (21) and the isolated perfused tubule technique (7) during the 1960s changed the focus of renal physiology to a tissue level, providing information about each of the nephron segments or about the glomerulus. Application of these techniques together with biochemically based techniques such as transport measurements in isolated brush border vesicles (54) provided a wealth of detail about transport mechanisms. This knowledge paved the way for the next major era in renal physiology in the 1980s and 90s, during which cDNAs for many of the important renal transporters were cloned and sequenced. This development switched the emphasis from a tissue and cellular level down to a molecular level. Success in cloning many of these cDNAs was greatly abetted by the development of the Xenopus oocyte expression system (12) . This expression cloning approach allowed cDNA pools and ultimately single cDNAs to be selected on the basis of functional assays that were designed utilizing the findings of isolated perfused tubule experiments, micropuncture experiments, and isolated brush-border vesicle experiments done in the preceding decades. Thus by the mid-to late 1990s renal physiologists had obtained the primary structure of the proteins that mediate the most important transport processes along the nephron. The cDNAs could then be expressed in cultured cell lines or in Xenopus oocytes and studied, either in native form or mutated form, to gain a greater understanding of the relationship between protein structure and function. Thus, by the end of the 20th century there had been a spectacular expansion of information about transport in the kidney based on a progression of knowledge from reductionist approaches. 2 Because of the drive toward reductionism in physiology, we have achieved a high level of understanding of structure and function of many of the individual proteins that mediate important physiological processes including transport along the renal tubule. However, knowledge of molecular structure and function does not necessarily imply a mastery over the physiological knowledge needed to understand disease processes in humans. Most human disease is not easily explained as an effect of a single dysfunctional gene and protein, but rather often represents complex phenomena that depend on nonlinear integration of the functional properties of many proteins. Even so-called "monogenic" diseases have polygenic consequences. Likewise, normal physiological phenomena at the organism or organ level can rarely be understood from knowledge about a single protein. Therefore, there is a need to develop methods to integrate information about the molecular functions of individual proteins and their molecular interactions to create predictive models of cellular, tissue, organ, and whole organism function (Fig. 1) . The ultimate goal is to understand disease processes and to discover how to treat them. Thus, there is a need for integration, i.e., learning how many small pieces can assemble into larger ones to create complex emergent behavior. This integration process has been referred to as "systems biology."
Systems Biology and Physiology
Data-poor systems biology. Systems biology is not a new approach. Starting in the 1960s and 70s with the advent of mainframe computers, various investigators used differential equation-based mathematical modeling to integrate data from the literature. The differential equations were constructed to represent physical principles such as mass balance, energy balance, and various laws that represent the relationships between driving forces and movements of various substances, e.g., nonequilibrium thermodynamics (42) . Typically, data from a myriad of sources were used in parameter estimation in these models, a labor intensive process that could only be done manually, assigning one parameter at a time. This type of systems biology has been referred to by Westerhoff and Palsson (74) as "data-poor" systems biology. Despite its labo- 2 One of the interesting by-products of this trend toward reductionism has been the loss of clear boundaries among traditional biological fields. Thus, by the end of the 20th century, physiological researchers were typically using the same methodologies as other biologists including biological chemists, pharmacologists, or cell biologists, often publishing in the same journals. Thus the trend toward reductionism in physiology may have had the unintended consequence of undermining the traditional field of physiology and perhaps, in some cases, the very existence of physiology departments in US medical schools. The object of systems biology methods is to integrate information from molecular levels toward the whole organism level, using computational tools such as modeling using differential equations and multivariate statistical analyses to identify network structures.
rious nature, this approach has been very productive. For example, models of the kidney concentrating mechanism (75) have been useful in generating hypotheses that could be tested experimentally (26) . My own mathematical modeling of the kidney medulla [done as part of my PhD dissertation (44) ] led to the conclusion that a specialized urea transport mechanism was required in the inner medullary portion of the collecting duct to explain the observed cortico-medullary urea gradient. This observation from mathematical modeling stimulated a series of studies using isolated perfused inner medullary collecting ducts that ultimately demonstrated the predicted transporter (10, 11, 45, 65) , eventually leading to the cloning of corresponding cDNAs (41, 68, 76) and gene knockouts of collecting duct urea transporters in mice (17, 18) .
Data-rich systems biology. With the advent of genome sequencing projects for various animals, plants, and microorganisms at the beginning of the current century, systems biology has moved to a so-called "data-rich" format (74) . As a result of these sequencing projects, we can now limit our view to a finite set of protein-coding genes (approximately 21,000 in humans, mice, and rats) when looking for protein species that may explain a particular physiological phenotype. This translates to a finite set of molecular hypotheses. More importantly, the genome sequence information has made possible a set of technologies that are capable of providing genome-or proteome-wide read-outs of physiological experiments. These large-scale data acquisition techniques include protein mass spectrometry (58), hybridization-based expression microarrays (3), and deep sequencing of nucleic acids (27) . Each of these modalities allows the experimenter to identify the cellular responses to physiological stimuli comprehensively across the entire proteome, transcriptome, or epi-genome. Such experimental approaches are becoming relatively straightforward and can be readily applied to a variety of physiological problems at the cellular level.
To some extent such experiments can be interpreted through direct perusal of the data. For example, a protein mass spectrometry study of renal inner medullary collecting duct cells isolated from rat kidneys showed that vasopressin changes the phosphorylation of the aquaporin-2 water channel at four sites near the carboxyl terminus of the protein (30, 34) , a finding that has spawned numerous follow-up studies both within our own laboratory and in others. Additional studies revealed the presence of three vasopressin-regulated phosphorylation sites in the vasopressin-regulated urea transporter UT-A (5).
However, most of the information present in large-scale data sets from these technologies cannot be so easily interpreted, and requires computational approaches aimed at achieving large-scale data integration to create models describing the interactions among the relevant proteins. In a particular physiological experiment involving a given physiological perturbation, the large-scale integration task often consists of two major elements: 1) analysis of the responding proteins, transcripts, or genes within a data set to determine how the responding entities are related to one another functionally; and 2) analysis of the responding proteins, transcripts, or genes to determine their relationships to information that has been obtained in previous studies. The latter analysis typically results in the generation of a so-called "network" consisting of "nodes" and "edges" (Fig. 2) . For a protein network, the nodes represent individual proteins and the edges are the relationships between proteins. A pair of nodes and edges that connect them can be viewed as a grammatical sentence known as a "triplet," where one node is the subject, the edge is the verb, and the other node is the direct object. In the example shown in Fig. 2 , the sentence represented is "Protein kinase A catalytic subunit phosphorylates aquaporin-2." Large numbers of triplets can be merged into directed graphs like that shown in Fig. 3 depicting the vasopressin-signaling network for the renal inner medullary collecting duct based on phosphoproteomic studies (33) .
To carry out large-scale data integration needed for generation of network models, databases of triplets (also known as "protein interactions") can be gleaned from the general literature to identify possible interactions between nodes of the physiological system under study. There is a major effort within systems biology to develop computer-based text mining algorithms that can extract appropriate information (i.e., triplets) from the literature to create these databases (29) . Lacking full success in this area, a number of databases have been constructed chiefly through manual curation. These include two commercially available databases within Ingenuity Pathway Analysis and Metacore software suites. These approaches and others like them are useful in organizing large data sets but continue to have significant limitations with regard to the ability to construct causal models (43, 53, 67) . Consequently, the network models that can be produced with today's technologies fall short of having the predictive power of differential equation-based models. Nevertheless, network models like that shown in Fig. 3 provide a useful way to consolidate and visualize the findings of large-scale experiments.
Using Mass Spectrometry to Construct a VasopressinSignaling Network for the Renal Collecting Duct
My laboratory is using systems biology approaches to identify the vasopressin-signaling network responsible for regulation of water permeability in the renal collecting duct. The studies use liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS) to identify and quantify thousands of phosphorylation sites in native inner medullary collecting ducts isolated from rat kidneys (5, 33, 34) and in cultured mouse mpkCCD(clone 11) cells (62) . Figure 4 shows a general scheme describing how LC-MS/MS can be used to identify thousands of peptides in a given biological sample. Application of Individual "nodes," typically corresponding to specific proteins, are connected by "edges." The combination of two nodes and the edge connecting them can be viewed as analogous to an English sentence (subject/verb/direct object) called a "triplet." Many such triplets can be connected to construct an interaction network like that shown in Fig. 3 .
the method to identification and quantification of phosphopeptides has been the subject of several reviews (31, 32, 59, 61) . The studies aim to identify a signaling network (Fig. 5 ) linking the input (a change in the concentration of vasopressin in the extracellular environment) to a key output (a change in the amount of active aquaporin-2 in the apical plasma membrane). The signaling network to be identified (yellow box) is the set of proteins in the collecting duct cell that link the input to the output, carrying information via a sequence of biochemical changes in the cell. We can identify two subtasks (Fig. 5,  bottom) : 1) identification of the protein components of the system, i.e., the proteins expressed in collecting duct cells including their posttranslational modifications; and 2) determination of how these components interact.
Identification of system components. The former subtask is the easiest of the two. Application of standard transcriptomics (from microarray studies or RNA-seq) and proteomics analysis has identified most of the gene products expressed in native inner medullary collecting duct cells and in mpkCCD(clone 11) cells. This information has been placed on publicly accessible databases described by Huling et al. (37) and available at http://helixweb.nih.gov/ESBL/Database/ or https://intramural. nhlbi.nih.gov/labs/LKEM_G/LKEM/Pages/--Transcriptomicand ProteomicDatabases.aspx. Collecting duct cells appear to express approximately 8,000 out of the 21,000 protein coding genes in the genome, and the user can easily identify by searching these databases whether a given protein or a related protein is expressed in these cells. Indeed, these databases can be interrogated online in a variety of ways or the entire database can be downloaded by the user.
Databases enumerating phosphorylation sites that have been identified in collecting duct proteins (as well as proteins in other renal tubule segments) are available at the same URLs listed in the previous paragraph. In general, these phosphorylation sites are modifications of the side-chains of serines, threonines, or tyrosines through covalent attachment of a phosphate group. The phosphate addition produces characteristic changes in the mass-to-charge ratio of peptides that can be recognized by the mass spectrometer. The databases have been derived from a number of LC-MS/MS-based studies profiling phosphorylation sites observed in collecting duct cells (5, 33, 34, 36, 62, 79) and other kidney cells (19, 23) . Protein phosphorylation databases provide useful tools for the study of cell signaling. However, other types of posttranslational modifications are important in cell signaling (including glycosylation, acetylation, methylation, S-nitrosylation, SUMOylation, and ubiquitylation) and their identification could provide key information regarding the nature of vasopressin action in the collecting duct. However, protein phosphorylation plays a preeminent role in vasopressin signaling and so has drawn most of our attention.
Determination of how system components interact. The second subtask described below (Fig. 5, bottom) requires that LC-MS/MS be adapted to allow quantification of proteins and phosphorylation sites. The quantification techniques available include label-free methods and labeling approaches such as Stable Isotope Labeling by Amino Acids in Cell Culture (SILAC) and isobaric Tags for Relative and Absolute Quantitation (iTRAQ). The technical details of these approaches have been reviewed previously (8, 58, 59) and are beyond the scope of this paper. We used quantitative phosphoproteomics methodologies to determine what phosphorylation sites undergo changes in abundance in response to vasopressin (using the V2 vasopressin-receptor selective analog dDAVP) both in suspensions of native inner medullary collecting ducts (4, 33, 34, 36) and in cultured collecting duct mpkCCD cells (62) . The proteins that bear the changes can then be considered elements (nodes) in the vasopressin signaling network (Fig. 3) , although they are not necessarily involved in regulation of aquaporin-2 or water permeability. Indeed, elements of Fig. 3 point to potential roles of vasopressin in processes that may be unrelated to regulation of transport. For example, a set of proteins that contain vasopressin-regulated phosphorylation sites are involved in regulation of programmed cell death or apoptosis (Fig. 3 , turquoise background: Bad, Bok, Pak2, Bcl2l14, and Tp53bp). The direction of these phosphorylation changes suggested the hypothesis that vasopressin inhibits apoptosis, which was confirmed by direct experiments (33) . Other regions 
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Fig. 4. Principal elements of protein mass spectrometry using LC-MS/MS
(liquid chromatography coupled to tandem mass spectrometry) as is most commonly carried out in physiological studies. A mixture of thousands of proteins is proteolyzed to a mixture of hundreds of thousands of peptides using trypsin, which cuts after arginines and lysines. Acidified tryptic peptides can be gradually introduced to the mass spectrometer using reverse phase HPLC to stratify the peptides. The mass spectrometer measures the mass-to-charge ratios (m/z) of the peptides (MS1 level). The most abundant peptides are fragmented by collision-induced dissociation (CID), through molecular collisions with an inert gas, to produce fragmentation spectra (MS2 level) that can be mapped to theoretical tryptic peptides present in databases derived from genomic sequence data for a particular animal or plant species. This approach can identify many thousands of peptides in a single run. The method can be adapted for peptide quantification as discussed in the text.
of Fig. 3 are enriched for proteins in the Wnt signaling pathway (green background: Ctnnb1, Lrrfip1, Lrrfip2, Csnk1e, Tnik, and Phkb), and pathways involved in the regulation of various MAP kinases (pink background) including p38 (Mapk14) and Jnk2 (Mapk9). The phosphorylation changes seen for p38 and Jnk2 are consistent with inactivation of these kinases by vasopressin as seen previously for additional MAP kinases, viz. Erk1 and Erk2 (60) . Finally, the results showed changes in phosphorylation of two proteins involved in regulation of protein degradation, namely Nedd4-2 (Nedd4l) and Ankyrin repeat and SOCS box protein 4 (Asb4). Nedd4-2 is a wellcharacterized ubiquitin E3 ligase in the renal collecting duct that is involved in the regulation of the epithelial sodium channel ENaC (70) . Since, the inner medullary collecting duct exhibits little or no sodium transport activity (64) and only very low levels of ENaC expression (25), we speculate that Nedd4-2 may be involved in regulation of water or urea transport in this segment. In general, it can be assumed that a subset of the vasopressin-induced phosphorylation events depicted in Fig. 3 play roles in the regulation of aquaporin-2. The identification of these phosphorylation changes will require additional studies using systems techniques (described in the remainder of this review) to dissect different pathways within the overall network.
Identification of Protein Kinases Responsible for Regulated Phosphorylation in the Collecting Duct
The phosphoproteomics studies discussed in the last section identified a large number of phosphorylation sites in the collecting duct that exhibit altered abundance in response to vasopressin. These sites and their associated proteins represent nodes in the vasopressin signaling network (Fig. 3) . The edges drawn in Fig. 3 are tentatively identified based on our reading of the literature and did not employ any of the available databases for automatic generation of a network architecture. Hence further studies are needed to assemble these nodes into a causal network that can explain how vasopressin regulates aquaporin-2 location and expression in the renal collecting duct. The general question under consideration is therefore how to draw the correct edges representing causal interactions between nodes. One way to address this is to identify the protein kinases and protein phosphatases involved in regulating the level of phosphorylation at each of the regulated sites. Our current focus is on the protein kinases.
Approximately 518 protein kinases are expressed in mammalian genomes (49) . Only a fraction of these protein kinases are expressed in renal collecting duct cells. Collecting duct kinases have been identified in transcriptomic profiling experiments using Affymetrix expression arrays. This approach has provided a comprehensive list of genes expressed in native inner medullary collecting duct cells (73) and in mpkCCD cells (77) . Among the genes expressed in both cell types are those that code for 154 protein kinases (Fig. 6) . Thus, through transcriptomic profiling we have reduced the list of protein kinases that are candidates for roles in vasopressin signaling by 70% (from 518 to 154). These kinases can be classified into distinct families based on sequence similarities (Fig. 6) . In the following, we discuss a strategy for narrowing down the list of protein kinases to the few that are likely involved in vasopressin signaling.
It is widely accepted that prediction of what protein kinases phosphorylate particular protein targets depends on two types of constraints (48) Linear target motif specificity. A phosphoproteomic study by Rinschen et al. (62) provided key information that narrows the possible kinases involved in vasopressin signaling to fewer than the 154 protein kinases specified in Fig. 6 . This study identified 273 phosphorylation sites that were increased and 254 phosphorylation sites that were decreased in response to dDAVP exposure across the mpkCCD cell proteome. When the sequences surrounding the sites that were increased were analyzed together it was found that there was a predominance of basic amino acids (lysines and arginines) upstream from the phosphorylated amino acid. Such sites are compatible with the conclusion that vasopressin activates so-called "basophilic" protein kinases. Basophilic kinases include those from the AGC protein kinase family (AGC in Fig. 6 ) and those from the calmodulin-activated kinase family (CAMK in Fig. 6 ). This narrows the potential kinases that are activated by vasopressin to the 40 kinases from the two families that are expressed in collecting ducts. In contrast, when the sequences surrounding the 254 phosphorylation sites that were decreased by vasopressin were analyzed, a predominance of sites with a proline in the amino acid following the phosphorylated amino acid was found. This consensus is compatible with the conclusion that vasopressin reduces the activity of so-called "proline-directed" protein kinases, which include those from the MAP kinase family and cyclin-dependent kinase families (CMGC in Fig. 6 ). Only 20 of these are expressed in native inner medullary collecting duct cells and mpkCCD cells. From these considerations, we have narrowed the number of protein kinases that are likely to be involved in vasopressin signaling by more than 88% (from the 518 present in the genome to 60). Some of these kinases are already present in the vasopressin signaling network (Fig. 3) since they are phosphorylation targets (e.g., Camkk2, Mylk, Prkar1a, Phkb, Tnik, Pak2, Mapk9, and Mapk14).
Thus, it is practical to classify protein kinases within general families based on the linear sequence surrounding their target phosphorylation sites. The question remains whether the sequence surrounding a particular phosphorylation site is ever specific enough to identify a single protein kinase that is responsible for a phosphorylation event without additional information. For example, the sequence R-R-X-pS-X (where pS indicates a phosphorylated serine) is often cited as evidence of involvement of one of the protein kinase A isoforms in the phosphorylation event. A number of experimental approaches have been used to identify target sequence preferences for specific protein kinases: 1) curation of sequences of known substrates of a given kinase from multiple literature studies (2); 2) in vitro phosphorylation of peptide arrays (38, 72) ; and 3) use of mass spectrometry to identify phosphopeptides from native tissues that are phosphorylated as a result of in vitro incubation with recombinant, active protein kinases (14) . Many of the consensus sequences reported in the literature are summarized in a database called HPRD (Human Protein Reference Database; 22). A useful compendium of protein kinase sequence preferences derived from peptide array studies has been published as the NetPhorest Kinase Motif Atlas (52) . Some data from mass spectrometry-based kinase substrate profiling (14) is shown in Fig. 7 Comparing the first two basophilic kinases, protein kinase A (catalytic-␣) and death-associated protein kinase 1, it can be seen that both have a preference for basic amino acids in positions Ϫ2 and Ϫ3 relative to the phosphorylated serine. Thus, a target sequence R-R-X-pS-X would be compatible with phosphorylation by either of these two kinases, and it may be necessary to rely on the amino acids downstream from the phosphorylation site to discriminate the two. In contrast, the preference for basic amino acids in Ca 2ϩ /calmodulin-dependent protein kinase II-␦ is shifted upstream to the Ϫ3 and Ϫ4 position, overlapping the sequence preference reported for Akt and related kinases (22, 52) . In general, examination of the data of Douglass et al. (10) together with the NetPhorest Kinase Motif Atlas, and the HPRD, indicates that there may be too much overlap between target sequence preferences to expect to be able to reliably assign the specific protein kinases responsible for a given phosphorylation event solely from sequence data. A comparison of the target sequence preferences for the two proline-directed kinases in Fig. 7 leads to a similar conclusion. Consequently, other approaches must be taken to reliably assign edges to the nascent vasopressin-signaling network depicted in Fig. 3 .
Requirement for physical propinquity of the kinases and their prospective targets. It is self-evident that a given kinase can only phosphorylate a target protein if the two come into physical contact. Thus the requirement for colocalization is a useful constraint that can be used to rule out certain kinases that would otherwise be considered candidates for phosphorylation of a given protein based on linear sequence preference (Fig. 3) . The subcellular localization of the kinases and substrates can be addressed by a variety of approaches including 1) biochemical separation of subcellular fractions (63, 78) followed by either immunoblotting or mass spectrometry of the fractions to identify the protein amounts in the fractions; and 2) microscopy-based techniques including confocal immunofluorescence and immuno-electron microscopy. It is important to remember that many protein kinases are regulated through processes that involve translocation of the protein from the cytosol to a membrane-bound state (9) , so that the colocalization of enzyme and substrate needs to be sought under conditions compatible with activation of the kinase. Many kinases "find" their targets by mutually binding to the same multiprotein complex. Examples include Gsk3␤ and ␤-catenin in the canonical Wnt pathway (51), protein kinase A and various substrates via AKAP family proteins (50) , and the protein kinases in MAP kinase cascades through the aid of scaffold proteins (47) . Hence, it may be practical to identify kinase substrates in a given cell type by immunoprecipitating the kinase under conditions in which the associated proteins are likely to remain bound and then identifying them by mass spectrometry. An important requirement for most of these approaches is the availability of high-quality antibodies or the ability to generate them. With this requirement in mind, we have produced an online antibody-design software application called NHLBI-AbDesigner (http://helixweb.nih.gov/AbDesigner/). This tool allows the user to identify regions of the protein that are predicted to be relatively immunogenic. These peptide sequences can be synthesized, linked to a carrier protein, and used to immunize rabbits or mice.
Identification of Protein Kinase Networks Using Multivariate Statistical Analysis and Protein Kinase Inhibitors
Above, I have proposed that two types of information are key to narrowing down the possible network configurations that could explain the input-output behavior of the collecting duct in its response to vasopressin: 1) determination of the target sequence specificities of every kinase expressed in collecting duct cells; and 2) determination of the subcellular locations of each kinase relative to all potential targets. Thus, once all this information has been collected, hypothetical network models can be proposed. How can these hypothetical models be tested? Two sets of tools will allow us to do the critical hypothesis testing experiments: 1) extensive collections of drugs developed as protein kinase inhibitors; and 2) a set of data analysis techniques that are classified under the general moniker of "multivariate statistical approaches." I deal briefly with these in the following.
Protein kinase inhibitors. Because protein kinases have long been viewed as druggable targets chiefly for therapy of malignancies, there exists a wide range of agents that can inhibit protein kinases, many with at least moderate selectivity. Since phospho-specific antibodies are available for many of the vasopressin-regulated phosphorylation sites that we have found in our mass spectrometry-based studies, it will be practical to screen protein kinase inhibitor compounds for their abilities to alter phosphorylation in collecting duct cells. For example, drugs that have been identified to alter aquaporin-2 phosphorylation at any of its four carboxyl-terminal sites can provide useful tools to probe the entire network if the drugs exhibit at least a degree of selectivity. Many of these agents have been characterized before, giving clues to which kinases they may inhibit. However, such agents can be useful even if their kinase targets are not known, or are diverse, if used in experiments involving multivariate statistical analyses.
Multivariate statistical analysis. The simple idea is that phosphorylation events that correlate highly across a variety of perturbations are likely to be functionally related. They may for example be downstream from the same protein kinase or may be elements present in a cascade of enzymatic reactions. Conversely, phosphorylation events that correlate poorly across a variety of perturbations can be expected to be more distant in the overall signaling network. Based on this concept, experiments can be done in which proteome-wide phosphoproteomic read-outs are obtained for a battery of protein kinase inhibitor molecules at a variety of concentrations. One can then identify the phosphorylation sites that correlate most closely with sites known to be involved in regulation of water transport, e.g., the four phosphorylation sites at the COOH-terminal tail of aquaporin-2 that are believed to be involved in water channel trafficking (34, 35) or serine 552 of ␤-catenin which is thought to be involved in the regulation of the expression of the Aqp2 gene (66) . There exist standard statistical methods for identifying correlations in large data sets, e.g., partial least squares analysis (24, 39, 40) . Such approaches identify underlying relationships that allow the network to be partitioned into modules or subdomains that can be investigated experimentally. Ultimately, so-called "structural equation modeling" (1) can be employed to provide a means to map the data into directed graphs and to optimize the fit between the derived network structure and the data.
Conclusion
Here I have described the use of systems biology tools to carry out integrative study of physiological systems at a cellular level. I have illustrated the approaches with data from my own studies focusing on the question, "How does the peptide hormone vasopressin regulate water permeability in renal collecting duct cells?" These studies have exploited phosphoproteomics methodologies to reveal phosphorylation events within the cell that are triggered by vasopressin. Based on the results, we have begun to assemble vasopressin-modulated phosphoproteins into functional networks that may explain the regulation of the water channel aquaporin-2. In addition to phosphoproteins that are involved in transport regulation, the studies have revealed phosphoproteins that point to other processes in collecting duct cells that appear to be regulated by vasopressin. The studies have generated extensive lists of proteins and phosphorylation sites identified in collecting duct cells that have been placed online in the form of user-accessible databases that can be interrogated in various ways.
Both the old-style data-poor approach using differential equations to describe complex systems and the new-style data-rich approach using multivariate statistical analysis and graph theory to create relational models can be exploited to investigate physiological systems at the cellular level. Ultimately, the two types of modeling can be used together in hybrid structures to integrate large-scale experimental data with information from the literature. The ultimate goal of modeling is to expose missing information and thus to guide further experimental work. Thus, although the integrative approach described has been touted over the traditional reductionist approaches in this review, in reality the most effective overall method of attack is to use both reductionist and integrative approaches, presumably via cross-laboratory cooperation and collaboration.
